Abstract. Aminoglycoside antibiotics are implicated as culprits of hearing loss in more than 120,000 individuals annually. Research has shown that the sensory cells, but not supporting cells, of the cochlea are readily damaged and/or lost after use of such antibiotics. High-frequency outer hair cells (OHCs) show a greater sensitivity to antibiotics than high-and low-frequency inner hair cells (IHCs). We hypothesize that variations in mitochondrial metabolism account for differences in susceptibility. Fluorescence lifetime microscopy was used to quantify changes in NAD(P)H in sensory and supporting cells from explanted murine cochleae exposed to mitochondrial uncouplers, inhibitors, and an ototoxic antibiotic, gentamicin (GM). Changes in metabolic state resulted in a redistribution of NAD(P)H between subcellular fluorescence lifetime pools. Supporting cells had a significantly longer lifetime than sensory cells. Pretreatment with GM increased NAD(P)H intensity in high-frequency sensory cells, as well as the NAD(P)H lifetime within IHCs. GM specifically increased NAD(P)H concentration in highfrequency OHCs, but not in IHCs or pillar cells. Variations in NAD(P)H intensity in response to mitochondrial toxins and GM were greatest in high-frequency OHCs. These results demonstrate that GM rapidly alters mitochondrial metabolism, differentially modulates cell metabolism, and provides evidence that GM-induced changes in metabolism are significant and greatest in high-frequency OHCs. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Used for the treatment of life-threatening gram-negative bacterial infections, aminoglycoside (AG) antibiotics are one of the most commonly prescribed antibiotics in both developing and industrialized countries. As powerful and cost-effective broadspectrum antibiotics, AGs are attractive treatment options, particularly in economically disadvantaged populations around the world. 1, 2 They are also used in industrialized countries to treat numerous infections. 3 Despite their high efficacy and potential to save numerous lives annually, AGs frequently cause nephrotoxicity and/or ototoxicity in patients undergoing treatment.
Unlike AG-induced nephrotoxicity, ototoxic damage is irreversible in more than one fourth of patients. 4, 5 All nine AG antibiotics in use today damage, in varying degrees, the sensory cells in both cochlear and vestibular sensory organs resulting in permanent hearing loss (HL) and/or balance disorders. 5 Approximately 15% of patients suffer vestibulotoxic trauma, while up to 25% suffer ototoxic cochlear trauma during AG treatment. 6, 7 AG ototoxicity starts with high-frequency HL that progresses to include low frequencies during continued treatment and/or with higher AG dosages. 8 This HL is triggered by damage and eventual loss of high-and low-frequency cochlear sensory cells (inner and outer hair cells).
Of the two types of cochlear cells, sensory and supporting, cochlear sensory cells are readily damaged by aging, acoustic trauma, and ototoxins, including AGs. [9] [10] [11] [12] Notably, outer hair cells (OHCs) in high-frequency regions of the cochlea exhibit the greatest sensitivity to the above conditions. AGs cause bacterial cell death by binding to the 16S rRNA associated with the 30S ribosomal subunit thereby interfering with translation, resulting in miscoding and inhibition of functional protein synthesis. 13, 14 While much is known regarding the bactericidal mechanism of action for AG antibiotics, the mechanisms mitigating the heightened sensitivity of sensory cells relative to supporting cells, as well as the high-to-low-frequency propensity for ototoxic sensory cell loss have yet to be determined. Schacht 15 first proposed free radical production and oxidative stress as key regulators of AG-induced HL. Since then, the relationship between increased oxidative stress and age-related, noise-induced, and drug-induced HL has been investigated by multiple groups. 2, [16] [17] [18] [19] Several studies have shown that the cationic AGs rapidly and specifically enter inner ear sensory cells via mechanotransduction channels, where they localize to a variety of subcellular organelles including the mitochondrion. 20 Given the similarity between bacteria and mitochondria, models for the ototoxic effects of AGs have begun to converge on inhibition of mitochondrial and/or cytoplasmic protein synthesis, eventually leading to mitochondrial dysfunction and cell death through the overproduction of apoptosis-triggering reactive oxygen species (ROS). [21] [22] [23] [24] [25] Indeed, studies have shown that patients with specific mitochondrial mutations are profoundly sensitive to AG ototoxicity 26 and that sensory cell mitochondria rapidly swell in response to AG exposure. 27 As recently pointed out by Dwyer et al., 28 in addition to target-specific processes (such as protein synthesis), AG antibiotics are also known to have common oxidative damage pathways leading to the generation of ROS by altering cellular metabolism.
Therefore, in addition to inhibiting mitochondrial protein synthesis, AGs produce DNA and lipid damage and can inhibit respiratory enzyme activity within a few hours of AG application. 23 , 25 The rapid AG-induced alterations in metabolic function described in these studies show that the mitochondrial metabolism may be altered by modulation of the respiratory enzyme function independent of and/or preceding significant alterations in respiratory enzyme synthesis and turnover.
To determine if variations in sensory and supporting cells' metabolism may account for differences in ototoxic vulnerability, two-photon fluorescence lifetime imaging microscopy (FLIM) was employed to measure changes in the fluorescence intensity and lifetime of the metabolic reporter molecule nicotinamide adenine dinucleotide (NADH). Endogenous NADH fluorescence intensity represents the competing processes of Krebs cycle NADH production (NAD þ is reduced to fluorescent NADH) and NADH utilization by the electron transport chain (NADH is oxidized to produce nonfluorescent NAD þ ). Noninvasive optical techniques measuring NADH began with the pioneering studies of Chance and colleagues in the 1950s. [29] [30] [31] Since the nicotinamide moiety is the source of the fluorescence, both NADH and nicotinamide adenine dinucleotide phosphate (NADPH) have the same spectral signature, though functionally these molecules participate in different biochemical processes. Notably, changes in endogenous fluorescence intensity could be due to changes in either NADH or NADPH, denoted as NAD(P)H. In the presence of oxygen, high-cellular metabolic demand results in an overall decrease in NADH fluorescence intensity, whereas low-metabolic demand results in an increase in NADH fluorescence. 32 Indeed, optical quantification and utilization of NAD(P)H fluorescence intensity as a method for monitoring cellular respiration have been vastly employed and published in more than 1000 articles. 33 Fluorescence lifetime imaging of NAD(P)H has several advantages over intensity-based methods (see Chapter 4 of Ghukasyan and Heikal (Ref. 34 ) for a recent review). Lakowicz et al. 35 were the first to use FLIM to clearly distinguish the free and enzyme-bound pools of NADH on the basis of the fluorescence lifetime. NAD(P)H emits fluorescence with a time delay that depends on its conformation which is affected by protein binding. Free NADH in solution has a commonly observed 0.4 ns lifetime that lengthens several fold upon binding. Thus, FLIM has been used to track changes in metabolic enzymes. 36, 37 Using time-resolved fluorescence anisotropy, Vishwasrao et al. observed not just one, but several enzyme bound pools of NADH. 38, 39 Their work demonstrated that the changes in metabolism are not only evident in the NADH/NAD + ratio, but also in a rearrangement of the enzyme-bound pools of NADH. Two-photon-excited NAD(P) H FLIM has also been used to establish metabolic changes associated with disease in normal and precancerous epithelia, 40 in solid tumors, 41 and has demonstrated sensitivity in detecting cell pathology and inhibition of the respiratory chain enzymes in normal and breast cancer cells. 42 Endogenous NAD(P)H signals in intact cochlea have been shown to be predominantly due to NADH, not NAD(P)H. 43 Recently, Blacker et al. 44 used FLIM to further discriminate NADPH fluorescence from NADH fluorescence in both HEK and cochlear cells by noting that the enzyme-bound NADPH has a much longer fluorescence lifetime (4.4 ns) than enzyme-bound NADH (1.5 ns).
In both intact and explanted cochleae, AG-mediated changes in NAD(P)H fluorescence intensity have been documented in sensory cells. 45, 46 High-frequency OHCs were found to be metabolically biased to rapidly respond to changes in the mitochondrial microenvironment including glucose concentration and AG exposure. This response was observed within 30 min of AG exposure, notably prior to protein synthesis inhibition. Such metabolic responses may explain why high-frequency OHC is particularly vulnerable to AG ototoxicity, noiseinduced, and age-related HLs. Unfortunately, since the fluorescence quantum yield of NAD(P)H is proportional to the fluorescence lifetime, NAD(P)H intensity is affected by both concentration and protein binding [which affects the NAD(P) H microenvironment]. Therefore, changes in fluorescence intensity can be difficult to interpret. By measuring both intensity and the fluorescence lifetime, FLIM can independently quantify NAD(P)H concentration. The studies contained herein further extend these findings by using NAD(P)H FLIM to measure endogenous and AG-induced differences in cochlear sensory and supporting cells' mitochondrial metabolism to elucidate putative differences in sensory and supporting cells vulnerability to AG ototoxicity.
Materials and Methods

Cochlear Explants
Intact cochlear explants were obtained from CO 2 asphyxiated postnatal day 6 (P6 AE 1d) friend luekemia virus, strain B (FVB) mice as previously described. 46 Briefly, cochleae were dissected in 20-mM HEPES-buffered L-15 media and acutely cultured (18 to 24 h) in Dulbecco's modified Eagle's medium/F12 medium (Invitrogen, Carlsbad, California) supplemented with 10% FBS (Invitrogen) and maintained at 37°C at 5% CO 2 . Mitochondrial metabolism was measured in cochlear sensory (IHCs and OHCs) and supporting (pillar) cells in apical (low-frequency, ≈3.5 kHz) and basal (high-frequency, ≈47 kHz) regions, located at 20% AE5% and 80% AE5% along the length of each cochlear explant, respectively. 47 Unless otherwise noted, reagents and solutions were obtained from Sigma-Aldrich (St. Louis, Missouri). All animal care and use procedures were approved by the Creighton University Animal Care and Use Committee.
Gentamicin Uptake in Sensory and
Supporting Cells
To verify the uptake and accumulation of gentamicin (GM) in cochlear cells, explants were imaged by confocal microscopy while bathed in a solution containing 300 μg∕ml GM and 1 μg∕ml GM conjugated to Texas Red (GTTR), as described in Dai et al. 48 GTTR was single photon excited using a 543-nm HeNe laser focused through a 60×, 0.9 NA water immersion lens (Olympus, Center Valley, Pennsylvania). Fluorescence was isolated using a 545-nm dichroic mirror and a 580∕50 bandpass filter and de-scanned through a one Airy unit pinhole, as described previously. 45 Images were acquired at 10-min intervals to monitor the accumulation of GM in cochlear cells.
Metabolic Imaging Methods
Fluorescence intensity and lifetime imaging of two-photonexcited NAD(P)H were performed using the 740-nm modelocked pulse train of a Spectra Physics Mai Tai Ti:S laser (Newport Corporation, Irvine, California) and a Zeiss LSM 510 NLO META multiphoton microscope (Carl Zeiss, Oberkochen, Germany). Intrinsic cellular fluorescence was measured using a 60×, 0.9 NA water immersion lens (Olympus). As previously described, the primary source of fluorescence was confirmed to be NAD(P)H based on the measured emission spectrum. Intrinsic fluorescence was isolated using a 500-nm longpass dichroic mirror and an HQ 460∕80 bandpass filter (Chroma Technology, Bellows Falls, Vermont), and detected with a Hamamatsu H7422p-40 photon-counting PMT (Hammamatsu, Hammamatsu City, Japan) and a time-correlated single-photon counting module (830 SPC, Becker and Hickl, Berlin, Germany). 32, 43, 45 Cochlear explants were imaged in modified tyrodes imaging buffer containing 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2 • 6H 2 O, 1.8 mM CaCl 2 • 2H 2 O, 20 mM HEPES, 5 mM glucose, and 0.25% bovine serum albumin. Explants were maintained at 32°C AE 1°C during imaging using a warmed platform and temperature controller (Warner Instruments, Hamden, Connecticut). Previous studies have used room temperature cochlear preparations, which have improved viability compared with preparations maintained at 37°C. [43] [44] [45] The current studies more closely approximate physiological temperatures while maintaining cochlear explant viability during metabolic imaging.
NAD(P)H fluorescence intensity and lifetime measurements were obtained prior to and 30 min after application of 300 μg∕ml GM, a representative AG antibiotic. This dose is within the range of AG doses that are frequently used to study AG ototoxicity. [49] [50] [51] [52] Intensity and lifetime images were acquired by using four successive scans of a single-focal plane with an average laser power of 5 mW at the sample and a total image acquisition time of 124 s. To prevent photobleaching, no more than three images were obtained from well-separated cochlear regions. Control images acquired in cochlear preparations prior to GM treatment indicated that the photobleaching during fluorescence lifetime imaging was not significant.
Assays of Metabolic Activity
Relative differences in endogenous, steady-state NAD(P)H fluorescence intensities were obtained by imaging apical-(lowfrequency) and basal-(high-frequency) turn sensory and pillar cells (supporting cells) under identical imaging parameters. To determine the dynamic range of NADH metabolism (the difference between maximum NADH reduction and maximum NADH oxidation) in cochlear sensory and supporting cells, cochlear explants were exposed (30 min) to 10 μM carbonyl cyanidep-trifluoromethoxyphenylhydrazone (FCCP) or 20 μM sodium cyanide (NaCN). These concentrations have previously been shown to be sufficient to cause maximal NADH oxidation and reduction in cochlear hair cells, respectively. 46 To determine if acute GM alters mitochondrial membrane potential in sensory and supporting cells, control and GMexposed cochlear explants were incubated with 50 nM∕ml tetramethylrhodamine-ethyl-ester-perchlorate (TMRE, a fluorescent mitochondrial membrane potential indicator) and 200 nM∕ml MitoTracker Green (MTG, a membrane potential-independent fluorescent mitochondrial label) at 37°C and 5% CO 2 for 30 and 20 min, respectively. All fluorophores were obtained from Molecular Probes (Eugene, Oregon). Cochlear explants were maintained at 32°C AE 1°C and immediately imaged using a Leica TCS SPC830 multiphoton confocal microscope and an IRAPO 25×, 0.95 NA water immersion lens (Leica Microsystems, Buffalo Grove, Illinois). TMRE and MTG were single-photon excited using 552-and 488-nm excitation with fluorescence emission collection at 565 to 620 nm and 500 to 550 nm, respectively. Fluorescence images were acquired at 3-μm depth intervals throughout each cochlear preparation, then averaged to determine mean cell-specific fluorescence intensities for TMRE and MTG.
Metabolic Imaging Analysis
NAD(P)H fluorescence intensity and FLIM analyses were performed as described in Vergen et al. 32 Briefly, individual sensory and supporting cells were analyzed as separate regions of interest (ROIs) using Becker and Hickl SPC Image software (SPC Image, Becker and Hickl, Berlin, Germany). Typical ROIs consisted of 200 to 250 pixels for pillar cells and OHCs and approximately 350 pixels for inner hair cells (IHCs). The measured fluorescence decay at each pixel within an ROI, Fðx; y; tÞ, was fit to single-and double-exponential decay models: 
Neighboring pixels (5 × 5, bin 2 in the SPCImage software) were binned to ensure enough photons in the decay trace (256 time bins spanning 10 ns) to allow for the determination of two decay times. An F χ -test was performed to compare the fits obtained for each pixel to determine whether the improvement in the Chi-squared fitting parameter was sufficient to justify the use of a double-exponential model. 53 If so, the double-exponential model was used for the pixel, otherwise the single-exponential model was used. The average lifetime was calculated by
The relative concentration (C i ) of the fluorophore associated with a given lifetime (τ i ) is described by
where C tot is the total concentration for the pixel. Separate concentration-weighted fluorescence lifetime histograms were compiled for each cell type and fitted to a sum of Gaussians (OriginLab, Northampton, Massachusetts) to determine the fluorescence lifetimes and fraction of the total concentration associated with each lifetime pool. The results from unique lifetime pools identified in each preparation were averaged by cell type. NAD(P)H intensity and fluorescence lifetime measurements were averaged for IHCs (8 to 11 cells∕image), OHCs (25 to 30 cells∕image), and pillar cells (8 to 11 cells∕image) in each preparation. A minimum of nine cochlear preparations were imaged for each treatment condition. Fluorescence intensities for all cell types and locations were normalized to the average intensity of untreated (control) basal-turn OHCs for preparations imaged on the same day.
When the fluorescence decay is characterized by one or two lifetimes in a given pixel, numerical simulations show that this analysis routine correctly identifies the lifetimes and pool concentrations [Eq. (4)] to be within a few percent of the known values assuming 10,000 to 20,000 measured photons and well-separated lifetimes, differing by at least a factor of 2. In this case, the errors are consistent with the level of Poisson noise, as expected. This was typically the case for the cells analyzed in this study. Significantly more photons are required to obtain the same accuracy when the lifetimes in a single pixel are very similar. Attempts to fit fluorescence decay curves to three or more exponentials did not produce statistically significant improvements in the fit, indicating that the extra components were not warranted given the number of photons collected. Given the potential heterogeneity in the femtoliter volume of a binned pixel, it is possible that the measured lifetimes still represent a concentration-weighted average of molecules with very similar lifetimes. Nevertheless, while the lifetime pools that we identify with this technique are a necessary simplification of a more complicated scenario, changes in the populations of the identified lifetime pools still reflect important underlying changes in the local NAD(P)H microenvironment, which can be properly interpreted relative to well understood metabolic control measurements (such as mitochondrial inhibition and uncoupling).
As with NAD(P)H intensity and fluorescence lifetime measurements, TMRE and MTG fluorescence intensities were averaged for IHCs (8 cells∕image), OHCs (24 cells∕image), and pillar cells (8 cells∕image) obtained from distinct ROIs in each preparation. Thirteen cochlear preparations were imaged for each treatment condition. Relative differences in mitochondrial membrane potential were calculated as the ratio of the average TMRE fluorescence intensity and the average MTG fluorescence intensity obtained from each cell type.
Statistical Methods
Significant differences in NAD(P)H lifetimes, NAD(P)H pool fractions, GTTR, and mitochondrial membrane potential (TMRE/MTG) were assessed using one-and two-way ANOVAs followed by post-hoc two-tailed Student's t-tests, as warranted.
Results
Texas Red-Labeled Gentamicin Is Preferentially Taken up by Cochlear Sensory Cells
To verify the entry of GM into cochlear cells, confocal microscopy images were acquired from GTTR at 10-min intervals over a 30-min standard incubation time. Sensory cells showed a rapid accumulation within 10 min with brightly labeled stereocilia (Fig. 1) . In contrast, no labeling of the supporting cells was observed under our incubation conditions. While this does not rule out the possibility of low-level uptake, we estimate that the concentration of GM in the pillar cells is at least 100-fold lower than in the sensory cells.
Acute GM exposure (300 μg∕ml, 30 min) significantly increased mitochondrial membrane potentials in sensory and supporting cells in both high-and low-frequency regions of the cochlea [ Fig. 1(d) ]. GM-induced changes were signficantly larger in high-frequency cells. The percent change in mitochondrial membrane potential between control and GM-treated cells was significantly larger in high-frequency OHCs (306.8% AE 89.9%) than in low-frequency OHCs (158.6%AE 43.9%, p ≤ 0.05). While the response to GM was the same for high-and low-frequency IHCs, pillar cells showed a signficantly elevated percent change in mitochondrial membrane potential in high-frequency regions (224.4% AE 57.0%, p ≤ 0.05) compared with low-frequency regions (57.4%AE 19.5%). Endogenous differences in mitochondrial membrane potential were also observed. In low-frequency regions of the cochlea, IHC mitochondrial membrane potentials were greater than pillar cell potentials (p ≤ 0.05). In the highfrequency region, pillar cell membrane potentials were signficantly reduced when compared with IHC and OHC potentials (p ≤ 0.001).
Endogenous Metabolic Differences between
Cochlear Sensory and Supporting Cells (Fig. 3, black bar) . Baseline differences were also observed between IHCs and OHCs in all cochlear locations. The greatest difference in intensity occurred between OHCs and both IHCs and pillar cells in the high-frequency regions of the cochlea (both p ≤ 0.001). After uncoupling with FCCP, the absolute decrease in NAD(P)H fluorescence intensity from baseline levels in low-frequency regions of the cochlea was greater in sensory cells than supporting cells. In low-and high-frequency regions of the cochlea, OHCs displayed the greatest decrease in NAD(P)H fluorescence intensity when maximally oxidized. No significant differences in NAD(P)H fluorescence intensity were observed between maximally oxidized sensory cells and pillar cells in either high-or low-frequency regions of the cochlea. NaCN significantly increased NAD(P)H fluorescence intensity in high-frequency OHCs and low-frequency pillar cells (both p ≤ 0.05). The intensity was greatest in high-frequency OHCs after NaCN treatment (Fig. 3) . In principle, endogenous differences in NAD(P)H fluorescence intensity may be due to the differences in NAD(P)H concentration within each cell type or cell-specific differences in the NAD(P)H microenvironment that affect the fluorescence quantum efficiency. To distinguish between these two possibilities, average fluorescence lifetimes were measured in control and mitotoxin-exposed sensory and supporting cells. Representative FLIM images for control, NaCN-, and FCCP-treated cochleae are shown in
Qualitative differences in NAD(P)H lifetimes between NaCN-inhibited and untreated cochlear sensory and supporting cells were evident with the former displaying shorter lifetimes. Supporting cells were observed to have a significantly longer average NAD(P)H fluorescence lifetime (p ≤ 0.001) for all cochlear locations (Fig. 4 ). IHCs and OHCs had similar NAD(P)H fluorescence lifetimes throughout. FCCP treatment revealed significant differences between maximally oxidized OHCs and pillars in both high-and low-frequency regions of the cochlea, while significant differences between maximally oxidized IHCs and pillars were only present in the high-frequency region. NaCN-treated preparations maintained significant differences in average NAD(P)H fluorescence lifetimes between sensory and supporting cells in both locations (all p ≤ 0.05). Average NAD(P)H fluorescence lifetimes increased significantly with FCCP treatment in low-and high-frequency IHCs and high-frequency OHCs (all p ≤ 0.05).
NAD(P)H intensity and lifetime data were also used to evaluate relative differences in NAD(P)H concentration (Fig. 5) . The endogenous NAD(P)H concentration (baseline, black line) was greater in both types of sensory cells when compared with supporting cells in both high-and low-frequency regions of the cochlea. Additionally, OHCs had greater NAD(P)H concentrations than IHCs. Following FCCP treatment, sensory cells had greater NAD(P)H concentrations than supporting cells in the high-frequency region of the cochlea. NaCN-treated OHCs also exhibited greater NAD(P)H concentrations than IHCs or pillar cells in this region.
Ototoxic Antibiotic Gentamicin Specifically Alters Sensory Cell Mitochondrial Metabolism
The approach and analyses used to establish fundamental differences in mitochondrial metabolism between sensory and supporting cells were also used to evaluate the effect of acute GM exposure (300 μg∕ml, 30 min). NAD(P)H fluorescence intensity and FLIM images (Fig. 6 ) of GM-treated cultured cochleae were analyzed as previously described. Although a significant increase in NAD(P)H fluorescence intensity was observed for both sensory cell types in Fig. 7(b) , red bar, p ≤ 0.05]. A trend of increasing lifetime with GM treatment was observed in low-and high-frequency OHCs. Akin to the endogenous differences in OHC and pillar cell average lifetimes, OHCs had significantly shorter average lifetimes than pillar cells post-GM treatment (p ≤ 0.001 for both regions).
high-frequency regions, GM only increased average NAD(P)H lifetimes in low-frequency IHCs [
Fluorescence lifetime imaging also revealed changes in cellular NAD(P)H concentration with GM exposure. GM significantly increased NAD(P)H concentration in high-frequency OHCs [ Fig. 7(c) , black bar p ≤ 0.05]. A similar trend was observed in high-frequency IHCs and pillar cells. Akin to controls, GM-treated high-and low-frequency OHCs and highfrequency IHCs have significantly greater NAD(P)H concentration than pillars in a given location (p ≤ 0.05 and ≤0.001, respectively). In contrast, a trend toward decreasing NAD(P)H concentration following GM treatment was observed in all OHCs, IHCs, and pillars are represented by black, red, and gray bars, respectively. Mean AE SEM of nine or more replicates (n control ¼ 31 to 63; n NaCN ¼ 9 to 19, and n FCCP ¼ 9 to 17). Significance color coding is the same as in Fig. 1 (*p ≤ 0. 05, ***p ≤ 0.001).
low-frequency cells. These results indicate that GM differentially alters NAD(P)H concentration in high-and low-frequency sensory cells. Significant GM-induced changes in NAD(P)H concentration were solely observed in high-frequency OHCs.
The average lifetime presented in Fig. 7 (b) reflects the contribution from many NAD(P)H subcellular pools, each characterized by their own lifetime and population. In principle, changes in the average lifetime could be due to either a change in the population of well-established pools (with unchanging lifetimes) or the development of pools with different lifetimes [new NAD(P)H binding partners or microenvironments]. In the simple case of two microenvironments, one characterized by a short lifetime, the other by a long lifetime, when molecules leave the short-lifetime pool and enter the long-lifetime pool, an increase in the average lifetime would be measured. A longer average lifetime would also occur if a new microenvironment was established with a longer lifetime (perhaps a new binding partner). To explore these possibilities, the lifetime distribution from each image was organized into unique short-and longlifetime pools derived from the τ 1 and τ 2 decays described in Eqs. (1) and (2) .
In both untreated and GM-treated cochlear explants, the short-lifetime pool (τ 1 ) was characterized by lifetimes in the range of 0 to 2.0 ns, while the long-lifetime pool (τ 2 ) always had lifetimes greater than 2.0 ns. The fraction of NAD(P)H associated with the short lifetime [Eq. (4)] and the average lifetime of the short-and long-lifetime pools are summarized in Fig. 8 . The endogenous concentration of short-lifetime NAD(P)H is smaller in high-frequency sensory cells than in pillar cells [ Fig. 8(a) ]. . This is evident in both regions of the cochlea, but it is particularly significant for high-frequency sensory cells that are more likely to be damaged by GM exposure.
Although GM does not cause a significant redistribution between short-and long-lifetime pools, the lengthening of each indicates that NAD(P)H is redistributing within these pools. This is clearly evident in Fig. 9 , which compares the concentration-weighted lifetime distributions for two representative cochlear explants (untreated control and 30-min GM exposure). Distinct populations can be identified with lifetimes of approximately 0.6, 1.0, 1.2, 1.6, 4.7, 5.7, 6.7, and 7.5 ns. In high-frequency sensory cells, GM increases the relative concentration of the 1.6 ns population at the expense of the 0.6 ns population and decreases the 4.7 ns population while establishing 5.7 and 6.7 ns populations. In contrast, the pillar cells do not show a population . The dynamic range (maximum oxidation and reduction capacities) of NAD(P)H concentration is greatest in high-frequency OHCs. Color coding is the same as in Fig. 3 . Mean AE SEM of nine or more replicates (n control ¼ 31 to 63, n NaCN ¼ 9 to 19, and n FCCP ¼ 9 to 17). at 0.6 or 4.7 ns, but have their own characteristic redistribution in response to GM. These dynamics, illustrated by representative explants in Fig. 9 , are the source of the changes in the shortand long-lifetime components shown in Figs. 8(b) and 8(c) .
Discussion
Unfortunate side effects, including ototoxicity, remain a significant problem for the effective use of AG antibiotics. The similar characteristics of antibiotic-, age-, and noise-induced HL suggest that a common set of mechanisms are involved. These Treatment increased (a) intensity in high-frequency sensory but not pillar cells, (b) lifetime in low-frequency IHCs but not OHCs or pillars, and (c) concentration in high-frequency OHCs only. Mean AE SEM of 11 or more replicates (n control ¼ 31 to 63 and n GM ¼ 11 to 27). Significance color coding is the same as in Fig. 1 . Green indicates significant differences between IHCs and OHCs (*p ≤ 0.05, ***p ≤ 0.001). mechanisms must account for both the high-to-low-frequency susceptibility gradient and the preferential damage/loss of OHCs compared with IHCs and neighboring supporting cells. During acute exposures, AG antibiotics gain entry into the sensory cells via mechanotransduction channels, whereas supporting cells do not appear to have a mechanism enabling rapid drug influx. Once inside the cell, the resulting oxidative stress differs by cell type. This may be due, in part, to the intrinsic differences in intracellular antioxidants such as glutathione that exists in limited quantities in high-frequency cells and decreases with aging. 54, 55 Furthermore, AG antibiotics are also known to have common oxidative damage pathways leading to the generation of ROS by altering cellular metabolism. 28 AG antibiotics induce mitochondrial dysfunction resulting in oxidative stress and damage in mammalian cells through a direct interaction with enzymes of the TCA cycle and the electron transport chain. 23, 25 The exact mechanism of AG's interaction(s) with the enzymes of the TCA cycle and electron transport chain has yet to be determined.
While a great deal of attention has been placed on long-term responses (24 to 96 h following antibiotic treatment) which can be due, in part, to the reductions in protein synthesis, we have found that the mitochondrial disruption can be detected within 30 min of exposure to physiologically relevant concentrations of GM. This includes changes in NAD(P)H lifetimes, concentrations, and mitochondrial membrane potential as well as previously described changes in NAD(P)H fluorescence intensity and succinate dehydrogenase activity. 45, 46 Notably, OHC-specific decreases in NAD(P)H intensity following GM exposure were found in both of these previous studies, which repetitively imaged the entire cochlear preparation every 10 min over the period of 1 h. To reduce the oxidative stress due to imaging, which is especially important when working with compromised tissues, in this study we refined the imaging protocol by (1) improving the temperature stability of the cochlear explants by using a regulated stage heater, and (2) limiting acquisition to a single FLIM image within an apical or basal section of the cochlear explant.
Sensory and Supporting Cells of the Cochlear Explant Are Metabolically Different
Metabolic imaging by NAD(P)H FLIM revealed intrinsic metabolic differences between both the sensory and supporting cells of the cochlea. Furthermore, when apical (low-frequency, ≈3.5 kHz) and basal (high-frequency, ≈47 kHz) regions were compared, metabolic differences were evident based on the location of the cells along the tonotopic gradient. 47 Both NAD(P)H intensity ( Fig. 3 ) and NAD(P)H lifetime (Fig. 4) measurements reveal endogenous metabolic differences between sensory and supporting cells. Significant differences were evident in the NAD(P)H dynamic range observed in each cell type, with high-frequency OHCs having the greatest oxidation and reduction capacities (Fig. 3 ). Significant differences between sensory and supporting cell average NAD(P)H lifetimes were observed in untreated and mitotoxin-treated cochlear preparations. This suggests that the microenvironment of NAD(P)H varies between these cell types. Additional metabolic differences were observed by assessing the cellular NAD(P)H microenvironment through the distribution of fluorescence lifetimes within short-and longlifetime pools (Figs. 8 and 9) , with the greatest differences seen in high-frequency regions of the cochlea. Finally, significant cell-specific differences in NAD(P)H concentration (Fig. 6) provide further evidence for endogenous differences between sensory and supporting cells' mitochondrial metabolism.
These findings also reveal metabolic differences between IHCs and OHCs. High-and low-frequency OHCs were seen to be brighter (Fig. 3) and have greater NAD(P)H concentrations (Fig. 5) than IHCs. Despite the differences in NAD(P)H intensity and concentration, IHCs and OHCs have similar average NAD(P)H lifetimes (Fig. 4) , suggesting similar NAD(P)H microenvironments. This is further supported by the NAD(P) H lifetime distributions (Fig. 8 and 9 ), which have similar peak lifetimes, and no significant differences in NAD(P)H lifetimes in either the short (<2.0 ns) or long (>2.0 ns) pool.
Blacker et al. 44 have recently reported a way of discriminating NADPH fluorescence from NADH fluorescence in HEK and cochlear cells. They found that the enzyme-bound NADPH is responsible for the 4.4 AE 0.2 ns lifetime component in HEK293 cells, whereas enzyme-bound NADH was predicted to have a lifetime of 1.5 AE 0.2 ns.
44 These values agree very well with the peaks of the lifetime distributions shown in Figs. 9(a) and 9(b). Furthermore, in immature (postnatal day 2) rat cochlear explants, they observed longer lifetimes (3.5 ns) for NAD(P)H in the outer pillar cells compared with the sensory cells (2.9 ns). This is also in agreement with the results presented in Figs. 7-9, which also compare outer pillar and sensory cells. If, for simplicity, it is assumed that all decays with a lifetime in excess of 2.0 ns represent enzyme-bound NADPH [as suggested by Blacker et al. and Figs. 9(a) and 9(c)], then Fig. 8(a) places an upper limit of about 40% for the NADPH contribution to the total NAD(P)H concentration in sensory cells and approximately 30% for NADPH in the pillar cells.
Gentamicin Rapidly Enters Sensory Cells and Differentially Alters Cellular Metabolism
It is reasonable to expect entry of AGs into the cochlear cells to be a requirement for their ototoxic effects. 56 Figure 1 clearly reveals rapid entry of GM into the sensory cells within minutes of application. Although we did not observe significant regional or sensory cell-type specific differences in GM uptake, differential uptake of AGs as a function of cell type and location has been suggested by others. 49 Single NAD(P)H FLIM images of temperature-regulated explants revealed that NAD(P)H fluorescence intensity initially increases with GM exposure in high-frequency sensory cells [ Fig. 7(a) , black and red bars, respectively]. GM also increased the average NAD(P)H lifetime in low-frequency IHCs [ Fig. 7(b) ] and tended to reduce the NAD(P)H concentration [ Fig. 7(c)] , similar to what is seen with mitochondrial uncoupling (Figs. 4 and 5) . In OHCs, GM also increased the average lifetime as well as lifetimes in the short-and long-lifetime pools.
Given the results of Blacker et al., the lengthening of the long fluorescence lifetime in response to GM may indicate a change in the enzyme-bound pool of NADPH. This would be expected, given the important role that NADPH plays in cellular detoxification by reducing oxidized glutathione caused by elevated levels of ROS. The redistribution toward longer lifetimes within the short-lifetime, enzyme-bound NADH pool, and increased concentration of NAD(P)H are consistent with the observed increase in the polarization of the mitochondrial membrane, reducing the overall rate of NADH oxidation via the electron transport chain. Notably, acute GM does appear to inhibit respiration, but not in the same way as NaCN since the NAD(P)H lifetime decreases with cyanide inhibition (Fig. 4) . This suggests that GM is not acting at complex IV, but perhaps at complexes I and/or III as indicated by others. 23 These sites are of particular interest since endogenous ROS production of normally functioning mitochondria is thought to be associated with these sites. 57 Additional metabolic imaging experiments with specific inhibitors of these complexes are currently underway. Overall, these results support earlier findings of differences between sensory cell mitochondrial metabolism and their responses to GM. 46 Finally, NAD(P)H FLIM revealed dynamic variation in both NADH (τ < 2.0 ns) and putative NADPH (τ > 2.0 ns) pools in response to acute GM exposure that would not have been discerned by techniques relying only on the average NAD(P)H lifetime or the NAD(P)H intensity. Average NAD(P)H lifetimes in cochlear cells are similar in high-and low-frequency sensory cells and the change in response to GM was only significant for low-frequency IHCs [p < 0.05, Fig 7(b) ]. A more detailed analysis of the lifetime distributions revealed that this was due to a combination of changes in both the short-lifetime pool (predominately enzyme-bound NADH) and long-lifetime pool (enzyme-bound NADPH) (Fig. 9) . While GM caused a redistribution within each pool, the relative concentrations of each did not vary [ Fig. 8(a) ]. NAD(P)H lifetimes in both short and long pools within high-frequency sensory cells lengthened in response to GM [Figs. 8(b) and 8(c)], reflecting changes in the NAD(P)H microenvironment that increased the fluorescence quantum efficiency of both pools. In contrast, there was no significant response in the high-frequency pillar cells or in any cells in low-frequency regions. Changes in each pool contributed toward the increase in the NAD(P)H intensity shown in Fig. 7(a) . However, since the short/long pool fractions held constant while both short and long lifetimes increased, the fraction of the total NAD(P)H intensity due to NADH was also nearly constant. Hence, FLIM analysis verifies that NAD(P)H intensity properly reflects metabolic changes. FLIM has the advantage of allowing NADH and NADPH effects to be uncoupled, revealing that GM-induced increases in NADH are most significant in the high-frequency OHCs [ Fig. 8(b) ].
We were unable to detect GTTR entry into the surrounding pillar cells (Fig. 1) , and as anticipated, no significant changes in NAD(P)H fluorescence intensity or lifetime were observed in the pillar cells following acute exposure to GM. The observed increase in pillar cell mitochondrial membrane potential and redistribution within short-and long-NAD(P)H lifetime pools does, however, suggest some GM entry into pillar cells may have occurred [ Figs. 1(d), 9 (e), and 9(f)]. While other recent reports have concluded that GM entry into the supporting cells is negligible, 44, 48, 49 it is likely that GM was present in the pillar cells at much lower concentrations than in sensory cells. On the other hand, changes in pillar cells may also occur as an indirect response to changes in nearby sensory cells. Although GM can slowly enter supporting cells through endocytosis, the rapid changes observed after an acute, 30-min GM exposure suggest that the pillar cells may indeed be responding to changes in nearby OHCs. Though it may be of interest given the potential role that the pillar cells may have in maintaining both the structural and biochemical integrities of the organ of Corti, 58 the current experiments cannot distinguish between either of these possibilities.
Conclusions
FLIM of NAD(P)H in cochlear explants reveals significant endogenous metabolic differences both between sensory and supporting cells, as well as between IHCs and OHCs. By quantifying both fluorescence intensity and lifetime, FLIM can determine whether changes in fluorescence are the result of a simple increase in the concentration of NAD(P)H, or due to more subtle changes in the NAD(P)H microenvironment that alters its fluorescence quantum efficiency. Consistent with the findings of others, the NAD(P)H FLIM technique can further elucidate changes in both the NADH and NADPH microenvironments in cochlear sensory and supporting cells. 44 In this study, we observed variations in both NAD(P)H concentration and lifetime distribution between cochlear cell types in the presence and absence of the AG antibiotic, GM. While significant endogenous differences between the same cells in high-and lowfrequency regions of the cochlea were not observed, base-toapex differences in the metabolic response of cochlear cells to GM were evident.
This study lends support for a general mechanism that may contribute not only to antibiotic-induced HL, but also to ageand noise-induced HL. Since mitochondria are known to produce ROS as a normal byproduct of cellular metabolism, endogenous metabolic differences may contribute to the differential sensory cell susceptibility and to the high-to-low frequency vulnerability gradient observed across the spectrum of HL pathologies.
